Self-oscillating polymer gel has become a distinguished class of smart soft materials. Here we fabricated and demonstrated a self-oscillating structural gel network with the incorporation of the Belousov-Zhabotinsky (BZ) reaction. The structural polymer gel oscillates at a macroscopic level with remarkably faster kinetics compared to a normal gel of similar chemical compositions. The structural polymer gel also displays larger oscillating amplitude compared to the normal gel because of the increased diffusion of fluids surrounding the gel particles. This type of structural polymer gels can be harnessed to provide novel and feasible applications in a wide variety of fields, such as drug delivery, nanopatterning, chemical and biosensing, and photonic crystals.
Introduction
The Belousov-Zhabotinsky (BZ) reaction, which is a well-known nonlinear dynamic chemical system, has attracted much attention due to their fascinating phenomena [1, 2] . The reaction includes a series of metalion-catalyzed oxidative reactions of organic substrates, such as malonic acid, by an acidified bromate solution. Recently, the BZ reaction has been used to induce mechanical oscillations in polymeric systems to mimic biological materials [3, 4] . In particular, Yoshida and his co-workers have developed a self-oscillating cross-linked gel composed of stimuli-responsive poly-(N-isopropylacrylamide) (PNIPAM) polymer with grafted Ru(bipy) 3 moiety as the BZ catalyst [5, 6] . The BZ reaction generates autonomous and rhythmical redox oscillations from the oxidized Ru(III) state to the reduced Ru(II) state, which induced a periodic volume oscillation in the PNIPAM gel when the gels are immersed in an aqueous acidic solution containing the substrates for the BZ reaction [7] . Due to the periodic mechanical oscillations, a novel biomimetic self-walking gel was developed by Yoshida et al. [8] . Directional movement of gel is produced by asymmetrical swelling-deswelling of the PNI-PAM-co-Ru(bipy) 3 gels.
An approach was also developed recently for simulateing chemo-responsive gels that exhibit not only large variations in volume but also alterations in shape [9] . Through this approach, oscillating gels undergoing the BZ reaction were simulated, which showed that the formation of the wave pattern depends on the aspect ratios of the sample. Such self-oscillating polymer gel has become a distinguished class of soft materials which are anticipated for new concept applications such as self-beating pacemakers and drug delivery systems synchronized with human circadian rhythms [10] [11] [12] . Such advanced materials, especially those stimuli-responsive polymers and gels have been actively investigated due to a unique nature of volume change in response to external stimuli [13] . These self-oscillating gel particles have various potential industrial applications, such as drug delivery [14] , chemical and biosensing [15] , fabrication of photonic crystals [16] and absorbents [17] .
In our previous studies, we have prepared the PNI-PAM gel particles of uniform size using a two step synthesis with covalently bound Ru(bipy) 3 catalyst modifying the process used by Yoshida and his co-workers [18, 19] . The volume responses of PNIPAM particles in coupling to the BZ reaction as a function of substrate concentrations and temperature have been characterized [19] . It has shown that the automatic mechanical oscillation of the gel particles was induced by the covalently coupled BZ reaction. The chemical oscillations of the BZ reaction induce the periodic charge oscillation of the Ruthenium ions, which leads to the periodic change of the hydrophilicity of the PNIPAM polymer network, hence the volume oscillation of the microgel particles. In this swell/shrink process, water is diffused either from the surface towards the centre of the gel, or vice versa.
However, the slow response and small amplitude of the responsive PNIPAM polymer gels prevent their further usages [20] , because the swell/shrink rate is inversely proportional to the square of the distance that the water molecules have to travel [21] . Therefore, the gels with a fast response and large amplitude are desired for feasible applications. If we can improve the frequency and amplitude of the self-oscillation, the autonomous gel systems will have a much broader range of applications. One idea to solve this problem is to raise the temperature in the system so that the BZ reaction rate increases. However, the conventional-type self-oscillating gel usually shrinks at temperatures above its LCST (lower critical solution temperature) [4] . Recently, Cho et al. fabricated a fast responsive structural gel scaffold, where microgel particles assembled either through bridging or depletion interactions to yield a structure that response to the external stimulus at a macroscopic level in much shorter times as compared to a bulk polymer gel of similar characteristics [22] . In this work, we further develop this technique to prepare a self-oscillating structural PNIPAM gel that contains a catalyst for the BZ reaction to achieve an autonomous oscillation with both high frequency and large amplitude, without the temperature limitation.
Experimental Section

Synthesis of PNIPAM-co-Ru(bipy) 3 Gels
Surfactant-free PNIPAM microgels have been prepared by a precipitation polymerization of N-isopropylacrylamide (NIPAM). In a typical procedure, NIPAM (4 g), allylamine (250 μL), Ru(vmbipy)(bipy) 2 PF 6 (0.200 g), N, N-methylenebisacrylamide (0.180 g), 2,2'-azobisisobutyronitrile (AIBN) (0.166 g) and water (80 mL) were added in a 200 ml round-bottomed flask reactor equipped with a stirrer, a condenser, a nitrogen inlet, and a thermometer. The contents were heated to 70˚C under a nitrogen atmosphere and at a stir rate of 300 rpm. The polymerization was continued for 6 hours. The microgel dispersion was then filtered through a filter (~100 μm mesh size) to remove some aggregates generated during polymerization and then, cooled down to room temperature.
Synthesis of Clusters of PNIPAM-co-Ru(bipy) 3 Gels
Clusters of microgels were made by linking microgel particles covalently using glutaraldehyde. To the microgel suspension prepared above, 0.002 M negatively charged polyacrylic acid solution (Mol. Wt. 400,000) was added to induce ionic attractions with the positively charged Ruthenium bipyridine and allylamine. The dispersion was heated to 60˚C leading to a phase separation of the microgel from the continuous aqueous phase. Then, approximately 1 volume % of glutaraldehyde aqueous solution (50% w/v, Aldrich) was added to chemically link amide groups on the surface of the microgel particles in contact with each other. After a 1 hour reaction at 60˚C, the resulting gel scaffolds were washed with DI water. This cluster of microgel particles with interconnected PNIPAM gels was named as "structural gel" and its self-oscillating behavior was compared with that of "normal gel" with no interconnected gel network. The "normal gel" was prepared following the preparation method by Maeda et al. [23] . For compared studies, both structural gel and normal gel were cut into the same dimensions (5  1  1 mm) and the swell/shrink response was measured at both oxidized and reduced states of Ruthenium ion. The synthetic scheme of the structural gel using PNIPAM particles is shown in Scheme 1.
Synthesis of Suspensions of PNIPAM-co-Ru(bipy) 3 Gel Particles
The suspensions of normal gel particles and structural gel particles were prepared as below. The gel particles of PNIPAM with Ru(bipy) 3 were synthesized by emulsion polymerization as follows: purified NIPAM (3.80 g), Ru(bipy) 3 
Results and Discussion
For the self-oscillation study, the structural gels were dispersed in aqueous solution containing the reactants of the BZ reaction at a fixed concentration: Malonic acid (MA) 0.30 M, sodium bromate (NaBrO 3 ) 0.75 M, and nitric acid (HNO 3 ) 1.0 M. It was observed that in the oxidized state of the metal catalyst Ruthenium, the equilibrium olume of the gel was larger than that in the reduced v state in all temperature conditions. The automatic mechanical oscillation of the PNIPAM-co-Ru(bipy) 3 structural gels, induced by the BZ reaction, is shown in Figure 1 .
Initially, the metal catalyst Ru(II) is in the reduced state, and the structural gels remain in the shrink state. With the introduction of BZ substrates, after some time, and during the rest of the induction time, Ru(II) switches to its oxidized form, Ru(III). In this state, the structural gels become swollen. This oscillation behavior is caused by the significantly different solubility of the Ru(bipy) 3 moiety in its oxidized and reduced states. The reduced Ru(bipy) 3 moiety in the gel has an extreme hydrophobic property while the oxidized Ru(bipy) 3 part in the gel has a great hydrophilic property [4] .
For the suspension of PNIPAM structural gel particles, under constant temperature and stirring conditions together with BZ substrates, the time course of transmission was monitored by use of UV-vis spectroscopy. The transmittance of the mixed solutions in the 190 -856 nm wavelength range was measured continuously in an episodic data capture mode. The transmittance is correlated with the volume change (i.e., gel particles shrink when transmittances decrease). The oscillations in transmittance at 460 nm and 685 nm reflect the chemical oscillation of the Ru(bipy) 3 catalyst between the Ru(II) and Ru(III) states, whereas the oscillations at 570 nm are attributable to the conformation change of the PNIPAM polymers [19] . Figure 2 shows the normalized transmittance of the structural gel as a function of temperature which is measured under different oxidization states of the Ruthenium. Compared to the suspension of normal gel particles, the suspension of structural gel particles displays much higher swelling and shrinkage. The interconnected structured gel particles shrink to ~40% of their original size above their LCST (lower critical solution temperature) whereas the normal gel particles shrink to ~55%. It should be noted that the particle size of the suspension is 160 nm for the normal gel particles and about 700 nm for the structural gel particles. Since several normal gel particles are clustered together in the latter, oscillations are expected to be higher in structural gel suspensions.
The response of the prepared structural gel is compared with that of the normal gel at room temperature and shown in Figure 3 . The structural gel exhibits a remarkable improvement in response dynamics. As mentioned above, both structural and normal gels were cut into the dimensions of 5  1  1 mm. The shrinkage of gels in length with time was monitored by placing in a solution of 1.0 M nitric acid containing either Ce(IV) or Ce(III), which corresponds to the oxidized or reduced states of the Ruthenium. The degree of swelling in the oxidized state is higher than the swelling in the reduced state for both gels due to the increased Donnan osmotic pressure. It is observed that the structural gel responds 10 times faster than the normal gel. This remarkably faster kinetics may arise from the smaller dimensions of the gel particles than form the three dimensional gel networks. The smaller size speeds up the diffusion of the fluid through the gel networks. In the case of normal gels, the cross-linked network reduces the diffusion of surrounding fluids and hence the gel exhibits slow response.
The oscillation frequency and amplitude changes of the PNIPAM gel particles in the structural gel and normal gel suspension are compared under the same BZ reaction conditions as mentioned above and shown in Figure 4 . The Ru(bipy) 3 complex has different absorption spectra in the reduced Ru(II) state and the oxidized Ru(III) state as an inherent property. The upper two oscillations (at wavelengths of 460 nm and 685 nm) reflect the chemical oscillation of the Ru(bipy) 3 catalyst between the Ru(II) and Ru(III) states, whereas the bottom oscillations (at the wavelength 570 nm) are attributable to the conformation change of the PNIPAM polymers [19] . It should be noted that the upper two oscillations in Figures 4(a) and (b) are mostly out of phase. However, the shape of the oscillation for structural gel particles is most pulse-like (non-sinusoidal) compared to normal gel particles. As Figure 4 shows, particles in the structural gel oscillate at a rate twice faster than that of the gel particles prepared by normal polymerization method. The oscillation amplitude of particles in the structural gel is also much larger than that of normal gel particles.
Based on these special properties obtained from the experiments (fast response kinetics with large amplitudes), more possible applications by the use of these fast responsive and large amplitude polymer gels could be identified, such as reduced detection time of chemical and bio sensors, micro-fluidic valves that operate with faster open/close mechanisms, mechanical switches, and expansion or contraction of bio-related mechanisms such as rapid artificial muscle movements, faster heart beat in the case of artificial heart in which expansions or contractions will occur quickly to drive a mechanism. However, much more refined systematic work should be performed to explain the phenomena in this complex system in the future. First, the different mechanical oscillations may be related to the space distribution of the catalyst even at the macroscopic level and the presence of other moieties in structural polymer gels (i.e., some amine moieties). Second, the strongly confined chemical systems such as the gel network in this work may significantly affect the effective kinetics. Last but not least, the gel suspensions are similar to segregated reactive fluids where micro-mixing problems may apply, which suggest that the chemical dynamics could be affected by differences in the segregated fluids [24] .
Conclusion
In summary, we have succeeded in fabricating a selfoscillating structural polymer gel coupling to the BZ reaction, which exhibits fast response kinetics with large amplitudes. There are two keys to our approach: one is the incorporation of the BZ chemistry into responsive polymer gels and thus to power a mechanical action; another one is the use of microgel particles that can be assembled through bridging interactions to yield a structure that oscillates at a macroscopic level. Particles in the structural gel oscillate twice faster than that of the gel particles prepared by normal polymerization method. The approach we have presented in this study offers a new
